Objectives Sustained release of small molecule hydrophilic drugs at high doses remains difficult to achieve from electrospun fibers and limits their use in clinical applications. Here we investigate tunable release of several water-soluble anti-HIV drugs from electrospun fibers fabricated with blends of two biodegradable polyesters. Methods Drug-loaded fibers were fabricated by electrospinning ratios of PCL and PLGA. Fiber morphology was imaged by SEM, and DSC was used to measure thermal properties. HPLC was used to measure drug loading and release from fibers. Cytotoxicity and antiviral activity of drugloaded fibers were measured in an in vitro cell culture assay. Results We show programmable release of hydrophilic antiretroviral drugs loaded up to 40 wt%. Incremental tuning of highly-loaded drug fibers within 24 h or >30 days was achieved by controlling the ratio of PCL and PLGA. Fiber compositions containing higher PCL content yielded greater burst release whereas fibers with higher PLGA content resulted in greater sustained release kinetics. We also demonstrated that our drug-loaded fibers are safe and can sustain inhibition of HIV in vitro. Conclusions These data suggest that we were able to overcome current limitations associated with sustained release of small molecule hydrophilic drugs at clinically relevant doses. We expect that our system represents an effective strategy to sustain delivery of water-soluble molecules that will benefit a variety of biomedical applications. 
INTRODUCTION
Electrospun polymeric fibers are a well-established technology with many uses across diverse biomedical applications (1) (2) (3) (4) . The ability to electrospin various polymers and fabricate fibers with high drug content makes the platform particularly attractive for drug delivery (5) (6) (7) . For example, the high surface area to volume ratio of fibers facilitates rapid drug dissolution and promotes tissue absorption (6, 8, 9 ). In addition, a variety of natural and synthetic polymers are amenable to electrospinning and can be selected for their compatibility with physiochemically diverse agents required in various therapies and treatments (1, 9) . The use of electrospun fibers as a topical microbicide for HIV inhibition has only been recently investigated and presents a promising alternative to existing vaginal drug delivery systems (5) (6) (7) . Studies have already shown the ability to electrospin fibers that can provide rapid release of antiretroviral compounds loaded at high drug content (5-7). However, the design constraints to achieve sustained release from electrospun fibers, specifically for the inhibition of HIV and other clinical applications requiring long-acting drug delivery, remains unknown. Sustained release from electrospun fibers has been demonstrated but is primarily limited to examples using hydrophobic small molecule drugs or large proteins. In these cases, modest drug release leverages properties of the agents such as their poor dissolution and preferential partitioning into hydrophobic polymers, or low molecular diffusivities (10, 11) . Low drug loading is also typical of many fiber-based systems demonstrating sustained release (12, 13) . Using superhydrophobic polymeric fibers, Yohe and Grinstaff (2012) proposed a mechanism in which air displacement within the bulk matrix and subsequent water penetration into individual fibers facilitates >60 days sustained release of SN-38, a hydrophobic small molecule anticancer drug loaded at 1 wt% (12) . Small molecule drugs that are water-soluble and show low potency, and are therefore required at high dosing, are an important category of antiviral and antibacterial compounds being considered for microbicides. However, the ability to realize sustained release of this class of molecules from electrospun fibers has proven difficult due to the dual challenges associated with polymer-drug compatibility as well as high drug dissolution rates and large molecular diffusivity (14) . Core-shell fibers fabricated by coaxial electrospinning have shown some success for sustaining the release of small molecule hydrophilic drugs at high drug loading (15) , but coaxial electrospinning is a more complicated process that is limited to certain polymers and solvent systems and is not scalable with existing commercial instruments. While there have been examples of sustained release of water-soluble small molecules from fibers (13, 16) , their loading or programmability limit potential applications (17, 18) . Therefore, tunable sustained water-soluble drug release from uniaxial matrix fibers formulated at high drug loading remains to be an important area of investigation for many clinical applications employing electrospun fibers.
Biodegradable polyesters and their blends have extensive use in the development of sustained release drug delivery systems (19) (20) (21) . FDA-approved and biodegradable polyester blends of poly-(lactic-co-glycolic) acid (PLGA), polycaprolactone (PCL), and poly-lactic acid (PLA) are of particular interest due to their ability to achieve polymer chemistries from physical mixtures rather than de novo synthesis. Lao and Peppas (2008) investigated the release of paclitaxel, a hydrophobic drug formulated at 1 wt% in solvent-cast films of PCL and PLGA (22) . Their results showed that paclitaxel release was faster from pure PCL compared to pure PLGA, and that blending the two polymers produced intermediate drug release kinetics. The observed release kinetics of paclitaxel from the PCL/PLGA blends was predicted by a heuristic model that assumed partitioning and release of the drug from phase-separated PCL-or PLGA-rich domains (22) . Based on these observations, we examined the generalizability of these same blended polyesters to sustain drug release of a watersoluble small molecule drug from electrospun fibers loaded at 10-40 wt%. We hypothesized that drug release would be faster from pure PCL compared to pure PLGA and that a blend of the two polymers would yield intermediate release kinetics.
To test this hypothesis, we developed a uniaxial electrospun fiber system for the controlled release of tenofovir (TFV), a small molecule hydrophilic nucleotide reverse transcriptase inhibitor. Here we show that TFV loaded at 10-40 wt% in fibers that combine PCL and PLGA in specific ratios can tune drug release within 24 h or >30 days. Both the drug loading and the PCL content influenced the magnitude of the burst release phase, whereas the sustained release phase was dominated by the PLGA content. In contrast to Yohe et al. (12) , our equilibrium water contents studies show rapid water penetration of the porous bulk mesh, which is likely due to the high TFV drug content, and suggests that controlled surface wetting is not a dominant mechanism for sustaining TFV release. Based on the solution compositions and process of electrospinning, thermal analysis indicates that PCL and PLGA polymer chains are miscible and interact in the finished solid fibers, which may influence water penetration and TFV release from individual fibers. We propose that PCL polymer chains disrupt the glassy state of PLGA chains to facilitate faster TFV release. We also demonstrate that the PCL/ PLGA fiber system can be used to load and sustain the release of other water-soluble antiretroviral drugs such as raltegravir (RAL), maraviroc (MVC), and azidothymidine (AZT). Antiviral fibers based on PCL/PLGA compositions demonstrate safety in vitro and sustained HIV inhibition. Our results extend the versatility of the electrospinning platform to be designed for sustained release microbicides, and may have important implications for other biomedical applications.
MATERIALS AND METHODS

Materials
Poly (D, L-lactic acid-co-glycolic) acid (PLGA) with a 50:50 LA:GA ratio with an acid end cap and molecular weight (M w ) average of 100,000 Da was purchased from PolySciTech® (West Lafayette, IN, USA). Polycaprolactone (PCL) with a molecular weight (M w ) average of 80,000 Da was purchased from Sigma Aldrich (St. Louis, MO, USA). Tenofovir was provided by CONRAD (Arlington, VA, USA). Maraviroc (MVC) and raltegravir (RAL) were purchased from UW pharmacy and purified in house. Tenofovir disoproxil fumarate (TDF) was purchased through the NIH AIDS Research & Reference Reagent Program (Germantown, MD, USA). Solvents dimethyl sulfoxide (DMSO) and hexafluoroisopropanol (HFIP) were purchased from VWR® (Radnor, PA, USA) and Oakwood Laboratories (Wayne County, MI, USA). Dulbecco's phosphate buffered saline (DPBS) was purchased from Mediatech Inc. (Manassas, VA, USA). Citric acid was purchased from Sigma Aldrich (St. Louis, MO, USA) and sodium chloride (NaCl) was purchased from Avantor Performance Materials (Central Valley, PA, USA). HPLC grade Acetonitrile, trifluoroacetic acid, HPLC grade water, and potassium phosphate monobasic were purchased from Fisher Scientific (Pittsburgh, PA, USA). Then, drugs were dissolved in HFIP-polymer solution (15% (w/w)). All solutions were extruded from a 5 mL glass syringe, through a 21G blunt-end needle at 50 μl/min, using a NE-1000 programmable single syringe pump (Farmingdale, NY, USA). Solutions were pumped in the presence of an electric field ranging in strength from 0.65 to 1.5 kV/cm and collected on a grounded metal plate at a distance of 10 cm. Resulting fiber mats were dried and stored in a vacuum desiccator until used for analysis.
Cell and Virus
HIV
Scanning Electron Microscopy
The morphologies of drug-loaded PCL/PLGA fibers were characterized using scanning electron microscopy (SEM). Circular punches were cut from fibrous mat and placed on SEM stub using conductive carbon tape. Samples were then sputter coated with Gold/Palladium for 90 s using an SPI sputtercoater (West Chester, PA, USA) at 80-100 mTorr. Micrographs were acquired using FEI Sirion SEM system (UW, NanoTech User Facility).
Differential Scanning Calorimetry
Thermal analysis of drug-loaded PCL/PLGA electrospun fibers was performed using differential scanning calorimetry with a TA Auto Q20 DSC instrument (New Castle, DE, USA). Electrospun fiber samples (3-7 mg) were placed in sealed T-Zero aluminum pans and headed from 30 to 310°C at a rate of 10°C/min. All thermograms were analyzed using TA Instruments Universal Analysis (v. 4.7A).
In Vitro Drug Release from PCL/PLGA Electrospun Fibers and Drug Loading
In vitro release of TFV, AZT, and RAL from PCL/PLGA electrospun fibers was carried out in 1X DPBS (pH~7.2-7.4) in sink conditions (Volume 10-fold above solubility limit of drug). In vitro release of MVC from PCL/PLGA electrospun fibers was carried out in 154 mM Citrate Buffer (pH~4.0) in sink conditions. In vitro release of TDF from PCL/PLGA electrospun fibers was carried out in distilled H 2 O, supplemented NaCl, in sink conditions. Briefly, 1.25 cm 2 fiber punches were cut, weighed (~3-10 mg), and placed in 40 mL of media. All samples were incubated in a shaker at 37°C and 200 rpm. At predetermined time points, 200 μL samples were removed for HPLC analysis and replaced with fresh media to maintain sink conditions. Curve fitting was performed on time points <60% release using the power law equation below:
M t represents the amount of drug released at time (t), M total is the total amount of drug released from the fiber sample, k (slope parameter) and n (power law expression) are parameters that are calculated using regression (23) . Temperature dependent in vitro release of TFV from PCL/PLGA electrospun fibers was carried out with the same conditions as listed above except for the temperature of incubation. Low and high temperature release was accomplished by placing samples on rotator in a 4°C refrigerator and incubator set to 50°C, respectively. Encapsulation efficiency was defined as the total amount of drug associated with the fibers (entrapped and surface localized drug) relative to the theoretical drug loading. To assess drug encapsulation efficiency of TFV loaded PCL/PLGA fibers, 3-6 mg samples were cut and dissolved in 5-15 mL of DMSO, in 20 mL glass scintillation vials. Then, 200 μL samples were extracted, filtered, and placed in HPLC vials. Drug content was quantified using a Shimadzu Prominence LC20AD UV-HPLC system equipped with a Phenomenex Luna 153 C18 column (5 μm, 250×4.6 mm) and LCSolutions software. The mobile phase used for TFV was 72% H 2 O supplemented with 0.045% trifluoroacetic acid and 28% acetonitrile supplemented with 0.036% trifluoroacetic acid. The TFV method parameters used were: 30°C column temperature, 1 mL/min flow rate, 10 min run time, 20 μL sample injection volume and UV/vis detection at 259 nm. TFV content was quantified by comparing to a standard curve of TFV dissolved in DMSO (1-100 μg/mL). TFV, TDF, and AZT (although AZT was detected at 265 nm with a 10 μL sample injection volume) release were analyzed using the TFV HPLC method described above. Two methods were used for MVC. The first method was used to assess drug loading in DMSO and the second was used to assess MVC release. The mobile phase for the first method was 26% acetonitrile and 74% 50 mM KH 2 PO 4 in H 2 O. The first MVC method parameters were: 44°C column temperature, 1 mL/min flow rate, 15 min run time, 20 μL sample injection volume and UV/vis detection at 193 nm. The mobile phase used for the second MVC method was 40% acetonitrile and 60% 0.01 M KH 2 PO 4 in H 2 O. The second MVC method parameters were: 25°C column temperature, 1 mL/min flow rate, 10 min run time, 20 μL sample injection volume and UV/vis detection at 193 nm. RAL release was analyzed using a mobile phase of 55% acetonitrile and 45% 25 mM KH 2 PO 4 in H 2 O. The RAL method parameters used were: 35°C column temperature, 0.9 mL/min flow rate, 10 min run time, 20 μL sample injection volume and UV/vis detection at 300 nm. Drug release in vitro was quantified by comparing to a standard curve of each drug dissolved in the same buffer used for release (1-100 μg/mL), using previously describe methods (24) (25) (26) . Drug loading (encapsulation efficiency) was quantified by comparing to a standard curve of each drug dissolved in DMSO (1-100 μg/mL). Supplementary Figure 1 shows chromatograms and standard curves for TFV, AZT, RAL, and MVC standards in DMSO used to validate the quantitative HPLC methods described above.
Percent Change in Water Content and Percent Polymer Mass Loss
To test the degree of hydration and polymer mass loss of TFV-loaded PCL/PLGA electrospun fibers, samples were weighed, pre mass (M pre ) and placed in~40 mL DPBS and incubated in a shaker at 37°C. At predetermined time points, fiber samples were removed from DPBS. Samples were pressed lightly with Kimwipes to remove surface liquid and were then weighed to determine a wet mass (M wet ). Samples were then dried at room temperature for at least 72 h and reweighed to determine a dry mass (M dry ). Dry weights were measured multiple times over several hours to ensure complete drying and a stable weight measurement. Percent change in water content (% C H2O ) and polymer mass loss (% ML polymer ) were calculated as shown below:
Prior to percent polymer mass loss calculation, the amount of total drug loss (DL total ) to release was measured by taking 200 μL samples and analyzed using HPLC methods described above. Neat PCL/PLGA fibers were also assessed for percent change in water content as a means of evaluating the influence of the hydrophilic drug on sample hydration.
Antiviral Activity and Cytotoxicity
A 40-60 mg piece of TFV-loaded PCL/PLGA fiber was suspended in DPBS in conical centrifuge tube and incubated at 37°C on an orbital shaker. Supernatant was collected at different time points and serial dilution was made for antiviral assay. The antiviral activity of TFV-loaded fiber was assessed based on a reduction in luciferase reporter gene expression after infection of TZM-bL cells with HIV-1 BaL. Briefly, TZM-bL cells were seeded at a concentration of 1×10 4 per well in 96-well microplate. The following day, TZM-bL cells were incubated with various concentrations of fiber extract at 37°C for 1 h prior to virus exposure. Then cell free HIV-1 BaL(200TCID 50 ) was added to the cultures and incubated for 48 h. Untreated wells were used as control. The Promega™ Luciferase Assay System (Promega™, Cat#: E4030) was used to determine luciferase expression. Antiviral activity was expressed as an IC 50 value, which is the sample concentration giving 50% of relative luminescence units (RLUs) compared with those of virus control after subtraction of background RLUs (GraphPad Prism v5.0). TZM-bL cells were cultured in 96-well plates in the absence or presence of various concentrations of fiber extract preparation. After 3 days in culture, cell viability was assessed using CellTiter-Blue® Cell Viability Assay (Promega) following manufacturer's recommended procedures. Briefly, cells were incubated for 4 h with 20 μl/well of CellTiter-Blue®Reagent and fluorescence was recorded at 560/590 nm.
Statistical Analysis
Statistical analyses were carried out using one-way ANOVA and significance level was set at p<0.05. All analysis was done in GraphPad Prism v.5 for Mac OS X (GraphPad Software, San Diego CA, USA).
RESULTS/DISCUSSION
Electrospinning of Anti-HIV Biodegradable Fibers Loaded with Tenofovir TFV was electrospun at 15 wt% loading into fibers comprised of PCL and PLGA in ratios that varied each polymer between 20% and 100% in the final fiber formulations (Table I) . Measured drug loading indicated an encapsulation efficiency of 100% for all fiber formulations (Supplementary Table 1 ). SEM micrographs showed that fabric meshes were free of defects and that the fibers were continuous and had a smooth morphology (Fig. 1) . Fibers had a measured diameter of 1.0-1.6 μm irrespective of the specific polymer compositions and showed similar thickness, basis weight, density and porosity (Supplementary Table 1) .
We used differential scanning calorimetry (DSC) to probe the physical state of the drug and polymer in finished fibers of different PCL/PLGA compositions. In particular, we looked at the thermal characteristics of the semi-crystalline PCL, amorphous PLGA, and TFV in the finished fibers to determine the compatibility of each of the constituents as well as their influence on the bulk polymer properties (Fig. 2) . We detected extremely low levels of crystalline TFV in solid fiber dispersions of PCL, PLGA or their combinations (Table I ). The absence of significant crystalline drug indicates high compatibility with the polymers during and after electrospinning. The relative crystallinity of pure PCL fibers was calculated to be 49.1%, which is consistent with values reported for PCL (30) . Polymer blends showed that a 20% increase in the amount of PLGA led to an average decrease of >40% in PCL crystallinity relative to its mass content in the final fiber compositions (Table I) . The result suggests miscibility between the two polymers, and may arise from polymer chains of PLGA disrupting PCL crystalline domains (31) . Changes in the individual polymer Tg upon blending can also provide information about miscibility and phase separation (32) . However, because of the low Tg of PCL (reported Tg −60°C) (30) and, because the Tg of PLGA was masked by the Tm of PCL, we were unable to use this measure to further confirm polymer miscibility. However, the uniform macroscopic morphology and the change in relative PCL crystallinity in the blended polyester fibers collectively support that PCL and PLGA are miscible in our system. This finding is in contrast to the work of Lao and Peppas (22) , which may be a result of the chosen solvent and the process of fabricating electrospun fibers compared to solvent-cast films from similar PCL and PLGA polymers.
Tuning the Sustained Release of Tenofovir Using Polyester Blends
We investigated the influence that different PCL/PLGA polymer compositions would have on drug release kinetics based on the physical properties of the polymers and TFV in the finished fibers. We observed that pure PCL fibers (100:0 PCL:PLGA) released all their TFV content (100%) after 24 h, which was approximately five times greater than the percentage of TFV released from pure PLGA fibers (0:100 PCL:PLGA) (Fig. 3a) . In contrast, pure PLGA fibers showed only 20% release of TFV in the first 24 h followed by an apparent linear release rate of~2% per day over the 10 day experiment. This pseudo-linear phase of TFV release from pure PLGA is expected to be a result of drug diffusion out of the polymer network, which depends on the available free volume for drug dissolution. We assumed that polymer degradation did not influence TFV release since PCL and PLGA can be considered to have low swellabillity in water and these polymers degrade over a period of time that is much longer (>1 month) than the drug release experiments conducted in these studies (10 days) (19, 30) .
By changing the PLGA to PCL ratio, we achieved incremental tuning of TFV drug release. In general, 15 wt% TFVloaded fiber compositions containing higher PCL content resulted in a greater fraction of burst release whereas fibers with higher PLGA content yielded more sustained release kinetics (Fig. 3a) . All fiber compositions burst released 15-35% of TFV within the first hour. We observed that TFV release increased by 10-25% with every 20% increase in PCL content during the early stage pseudo-linear kinetics (24-72 h). For fiber compositions comprised of 20-40% PCL, TFV burst release phase increased by only modest amounts compared to release from pure PLGA (20-30%). However, the rate of drug release during the pseudo-linear release phase for these same formulations compared to pure PLGA increased by almost 6-10 fold. As a consequence, PCL:PLGA 40:60 fibers completely released their full TFV content (100%) after 6 days, whereas PCL:PLGA 20:80 and pure PLGA showed only 75% and 40% TFV release after 10 days, respectively. In summary, the polyester blends allowed us to tune complete TFV (100%) release within 24 h and out to 30 days by extrapolating the pseudo-linear release results from our data out to the time that 100% of the drug loading would be depleted. Interestingly, the magnitude of burst release in blended fibers was typically less than predicted if equal partitioning into PCL content occurred across blends. We fit our release kinetics to a power law equation and determined the slope factor (k) and the power law exponent (n), which describe characteristics of the macromolecular network and release mechanism, respectively (Table I) (23, 24, 33) . Our analysis showed that there was a significant positive and negative correlation between relative PCL crystallinity and the slope factor (k) (R=0.85, p<0.05) and power law exponent (n) (R=−0.90, p<0.05), respectively.
We also studied the effect of drug loading on the incremental release profile of TFV from PCL/PLGA 20:80 fiber compositions. TFV content was varied between 10% and 40 wt% in this fiber composition and drug release was measured over 10 days. We observed that every 10% increase in TFV loading resulted in 15-20% increase in the magnitude of burst release from the fibers. However, the subsequent release over the remaining 10 days appeared to show similar rates of TFV release of~3-7% per day (Fig. 3b) . The result is consistent with other previously published results showing that higher loadings usually result in either crystalline drug or drug that is not encapsulated within the fiber (34) . Therefore, it is expected that excess drug would crystallize or localize at the surface and burst, while the original amount of drug would be trapped within the fiber and exhibit similar release compared to fibers with lower drug loadings.
Several factors play important roles in governing drug release kinetics from matrix drug delivery systems. These factors include the drug molecular weight, diffusion path length, and drug physical state, solubility and dissolution rate (34, 35) . Our results are consistent with the first two of three phases of drug release that have been described previously for pure PLGA and PCL systems (19, 22) . The pseudo-linear phase shows faster TFV release kinetics for fiber compositions that are PCL-dominated, which may suggest greater free volume for drug dissolution and is consistent with the fact that PCL chains are in a rubbery state due to its low Tg value. PLGA chains have a higher Tg, which results in a glassy polymer that restricts the mobility of water and TFV diffusion.
Programmable Release of Other Water-Soluble Antiretroviral Drugs from PCL/PLGA Fibers
The PCL/PLGA fiber system was tested with other watersoluble antiretroviral drugs to assess the generalizability of the platform with structurally different small molecule compounds. Using a PCL and PLGA ratio of 80:20 and 20:80, we formulated fibers encapsulating azidothymidine (AZT), maraviroc (MVC) and raltegravir (RAL). These three ARV drugs have a similar molecular weight to TFV, but have important physiochemical differences including ionization state, functional groups, and solubility. PCL:PLGA 80:20 and 20:80 fibers loaded with AZT, MVC or RAL showed similar size, morphology, drug loading and density compared to equivalent fiber formulations of TFV (Supplementary Table 1 ). However, release of these water-soluble ARV drugs compared to TFV did not show the same dependency on the PCL and PLGA ratio (Fig. 4) . Only after increasing the PLGA proportion to 90-95% (10:90 and 5:95 PCL/PLGA) did we achieve significant dampening for the release of AZT, MVC and RAL. For example, release of all three drugs at 24 h decreased by 40-60% when PLGA content in the fibers increased above 90%. Fibers with >90% PLGA content also sustained release of all three drugs past 24 h and did not show total drug release by 72 h. Based on these data, we concluded that the PCL/ PLGA blends could sustain the release of structurally diverse water-soluble drugs, but only when PCL content was limited to <10%.
Effect of Water Content, Polymer Mass Loss and Chain Mobility on TFV Release from PCL/PLGA Blends
Because dissolution of other small molecule drugs did not exhibit the same programmed release behavior as TFV, we hypothesized that interactions between TFV and PCL/PLGA facilitates tuning of its release kinetics. Several experiments were conducted to investigate the primary factors that contribute to TFV release from PCL/PLGA fibers. It has been reported that in PLGA systems, diffusion through water-filled pores, diffusion through the polymer, and erosion are potential mechanisms of release (20) . Furthermore, other processes such as polymer chain mobility, hydrophobicity, and molecular weight also influence the previously mentioned release mechanisms (20) .
The equilibrium water content of our electrospun fibers was measured to determine the influence of swelling and hydration on TFV release from PCL/PLGA blended fibers. We hypothesized that if wetting and hydration were the primary process governing release then fibers with higher PCL content would show increased water absorption compared to fibers with higher PLGA content. We observed that neat fiber meshes exhibited a maximum of 18% increase in water content while TFV-loaded fiber meshes showed a minimum of 225% increase in water content irrespective of the PCL and PLGA content (Fig. 5) . This result suggests that TFV content, which is equal amongst the blends, drives rapid water penetration into the porous fiber network. We observed that water content reached rapid equilibrium within 1 day and no significant increase in water content was observed at 10 days. However, TFV release for most blends continued out past 7 days. In contrast to Yohe et al. (12) , who observed that controlled surface wetting from superhydrophobic polymer fibers could facilitate long-term drug release, we expect that differences in water penetration into the polymer network modulates sustained TFV release. That is, differences in release between PCL-dominated and PLGA-dominated fibers may come from water penetrating PCL polymer chains more rapidly compared to PLGA. In fact, analysis of water content between pure PCL and PLGA showed that PCL had a statistically significant increase in percent water content on day one (423±27.5%) compared to PLGA (244±26.3%). However, there was not a significant difference between the two pure polymers at day 10. This, coupled with the lack of difference in percent water content across blends, suggests that hydration of the mesh network alone does not fully explain the dampened release in PLGA-dominated fibers compared to PCLdominated fibers over 10 days of release. Polymer mass loss was also evaluated after 10 days of release to investigate the influence of degradation and erosion on TFV release. Results showed minimal mass loss for all PCL/PLGA fibers except for pure PLGA (Fig. 6 ). As expected, erosion is considered a very slow process especially with high molecular weight polymers (20) .
Chain mobility and flexibility is a unique property of different polymers and is described by the polymer glass transition (Tg) temperature (27, 33) . At 37°C we would expect PCL (Tg=−60°C) and PLGA (Tg=of 46°C) chains to have high and low chain mobility, respectively. We hypothesized that as long as the PCL and PLGA do not phase separate then increasing amounts of PCL to pure PLGA could add flexibility to the bulk polymer, which in turn could facilitate improved drug diffusion and faster release. We expected that pure PLGA fibers would exhibit slower release at 4°C and faster release at 50°C due to the chain mobility predicted by the polymer's Tg. The maximum change in diffusivity of the drug at these different temperatures was calculated to be onlỹ 11% (36) . Dissolution of TFV from polymer blends was tested at 4°C and 50°C with all other conditions matched to our previous 37°C release experiments (Fig. 3a) . We observed a ≤10% change in the magnitude of TFV burst release from PLGA fibers when changing the release temperature from 37°C to either 4°C or 50°C, which would be consistent with diffusion of surface localized TFV. In contrast, TFV release at 240 h was reduced by~30% at 4°C and increased by 15-20% at 50°C (Fig. 7a) . For pure PCL fibers, we expected slower release at 4°C as the experimental temperature approaches the polymer's Tg whereas faster release was expected at 50°C. In fact, TFV release decreased by >70% at all time points past 24 h at 4°C (Fig. 7b) . When the temperature was elevated to 50°C, we observed a~30% increase in TFV release at 8 h, which supports improved diffusion of TFV from PCL polymer chains. These data suggest that at physiologically relevant temperatures (37°C), PCL chains are in a rubbery state and more mobile thereby facilitating faster diffusional release of TFV compared to PLGA, which is more glassy and immobile.
Effect of Polymer-Drug Interaction on TFV Release from PCL/PLGA Fibers
Since the phosphonic acid functional group is unique to TFV and absent in our other small molecule drugs tested in these studies, we investigated whether its unique release kinetics could be attributed to hydrogen bonding with the carbonyl ester and acid end groups on the polyester backbone (37) . At the low solution pH used for electrospinning (pH~2), we hypothesized that the protonated phosphonic acid may shows preferential hydrogen bonding to the PLGA backbone due to the two-fold greater mole fraction of carbonyl esters and acid end groups compared to PCL. To evaluate this interaction, we electrospun tenofovir disoproxil fumarate (TDF), a prodrug of TFV in which the phosphonic acid hydrogen bond donors are replaced with methyl isopropyl carbonate protecting groups. The TDF prodrug was electrospun in a 20:80 PCL:PLGA blend and the release kinetics were compared to TFV. TDF release was only carried out to 6 h because the protecting groups begin to hydrolyze in solution at later time points. Figure 8 shows that within 6 h~100% TDF is released compared to only~20% release of TFV. TFV and TDF are structurally identical except for the presence of the At 4°C PCL and PLGA have less free volume for diffusion and therefore display slower release overall compared to 37°C. At 50°C, the temperature of the study is above both polymer Tg values and therefore has significantly more free volume for diffusion. Change of drug diffusivity in solution was estimated to be a maximum of~11% at tested temperatures. The change in drug diffusivity in solution is much lower than the change drug release at the tested temperatures.
methyl isopropyl carbonate protecting groups on the prodrug. These data suggest that the presence of hydrogen donating groups on the phosphonic acid of TFV may be important in stabilizing and inhibiting its release from polyester fibers. Direct evidence implicating hydrogen bonding between the phosphonic acid of TFV and the polyester backbone would need to be tested with specific adenosine analogs that only varied this functional group. The comparison of TFV and TDF release kinetics demonstrate a possible explanation for difference in release seen with TFV and the other small hydrophilic antiretroviral drugs evaluated in our study.
In Vitro Cytotoxicity and Viral Activity of PCL/PLGA Electrospun Fibers TFV-loaded PCL/PLGA were tested for cytotoxicity and antiviral activity in vitro using TZM-bL cells. Four PCL/PLGA blends were used for testing: 100:0 PCL:PLGA, 80:20 PCL:PLGA, 20:80 PCL:PLGA, and 0:100 PCL:PLGA. Cell viability remained at approximately 100% for all tested polymer concentrations indicating that the biodegradable polymers used for the electrospun fiber platform are not cytotoxic to cells in vitro (Supplemental Figure 2) . Viral activity was assessed to determine the ability of PCL/PLGA fibers to sustain release of TFV and inhibit HIV. IC 50 values at each time point were used to calculate percent release and then compared to conventional dissolution of TFV in vitro (Supplemental Figure 3) . The release of TFV from each of the PCL/PLGA blends, as calculated from viral inhibition, followed expected release as analyzed by HPLC. The result supports the programmable release of TFV from PCL/PLGA fibers and also indicates that TFV retains it bioactivity throughout the electrospinning process.
CONCLUSIONS
A programmable controlled release platform for TFV was developed using PCL/PLGA electrospun nanofibers. By varying the ratio of PCL and PLGA in the system it was possible to achieve burst release within 24 h (PCL) or sustain release up to and past 10 days (PLGA). The ability to modulate the release of a small hydrophilic antiretroviral drug from hydrophobic polymers represents an important stride forward when considering sustained release drug delivery systems. We also investigated potential factors that drive sustained release of TFV from PCL/PLGA fibers. Our data suggests that fiber mesh hydration and polymer mass loss do not significantly contribute to the programmable release profile over the 10 day experiment. Assessment of PCL and PLGA chain mobility showed that at physiologically relevant temperatures, PCL chains were mobile leading compared to PLGA polymer chains. Finally, we determined sustained release of TFV could be influenced by interactions between functional groups on TFV and the polyester backbone. Furthermore, the developed meshes have shown biocompatibility as well as sustained inhibition of HIV in vitro. It has also been shown that PCL/ PLGA electrospun fibers can be used to modulate the release of other antiretroviral drugs, although over a narrower range of blends. These results indicate our uniaxial electrospun fiber system is able to overcome limitations associated with sustained delivery of small hydrophilic molecules from hydrophobic materials, which could benefit numerous biomedical applications in the field of drug delivery.
